Abstract: Most pinnipeds disperse from centralised terrestrial sites to forage at sea, but the factors that result in variation in foraging-trip characteristics remain unclear. We investigated the influence of sex and body size on the summer foraging activity of radio-tagged harbour seals (Phoca vitulina) from Scotland. Mean foraging-trip duration (range 17-257 h) was strongly correlated with mean foraging range (range 4.3-55.0 km), but both were significantly shorter for females. The proportion of time spent at sea, mean trip duration, and mean foraging range were all positively related to body size. Comparison with data from other study areas suggests that both environmental and endogenous factors shape foraging characteristics in this species. These sex and body size related differences in activity pattern and foraging range have important implications for the methodologies currently used to assess the population size, population energy requirements, and diet composition of coastal pinnipeds.
Introduction
Most pinnipeds disperse from centralised terrestrial sites to forage at sea, but there is extreme variation in the duration of foraging trips. Elephant seals (Mirounga sp.), for example, remain at sea for several months (Le Boeuf et al. 1993; Stewart and DeLong 1993; McConnell and Fedak 1996) , whereas otariids such as the Galapagos fur seal (Arctocephalus galapagoensis) make trips of only a few hours' duration before returning to their breeding sites (Trillmich 1986 ). These extreme differences in trip characteristics result, at least partly, from the contrasting lactation strategies of phocids (true seals) and otariids (fur seals and sea lions). Most phocids fast during lactation, permitting temporal and spatial separation of breeding and foraging activity (Oftedal et al. 1987; Costa 1991) . In contrast, otariid females must make regular feeding trips from their pupping sites to sustain lactation (Gentry and Kooyman 1986; Oftedal et al. 1987) , and the duration of feeding trips is therefore constrained by the pups' ability to fast (Trillmich and Ono 1991) . Nevertheless, even within each of these families, considerable variation remains in foraging-trip characteristics, which could result from environmental variations such as abundance of prey Merrick and Loughlin 1997) , or the travel distance required to locate prey (Gentry and Kooyman 1986; Costa 1991) . Sex differences in diving behaviour and foraging distribution have also been identified (Le Boeuf et al. 1993; Stewart and DeLong 1993) , while studies of Antarctic fur seals (Arctocephalus gazella) have reported betweenindividual differences in foraging-trip characteristics (Boyd et al. 1991) .
Recent technological advances have greatly increased our insight into the behaviour and distribution of these marine mammals while at sea. However, most studies have been based on just a few instrumented individuals or on animals from just one age or sex class. Consequently, it has been difficult to determine the way in which the different factors shape pinniped foraging patterns. For example, even when decreases in food availability are thought to have increased foraging-trip duration , it is not clear whether this resulted from an increase in travel time to more distant foraging areas or an increase in time spent foraging within traditional foraging areas. Thus, while a relationship between foraging-trip duration and distance travelled from the central haulout site might be predicted on theoretical grounds (Orians and Pearson 1979; Stephens and Krebs 1986) , empirical studies of pinnipeds have not yet integrated data on individual activity patterns with spatial data on foraging distribution to test this relationship.
Harbour seals (Phoca vitulina) are distributed across a range of habitats along the North Pacific and North Atlantic coasts (Bigg 1981) . In most regions they return to the same haulout areas throughout the year and forage in inshore waters around their haulout sites (Thompson 1993) . Consequently, they provide an ideal model for understanding the extent to which variation in environmental conditions influences the activity patterns of coastal phocids. In this study, we use telemetric data to describe the foraging-trip characteristics of harbour seals using haulout sites in northeast Scotland, and determine the influence of sex, body size, and foraging range on the duration of foraging trips.
Methods
The study was carried out in the inner Moray Firth, northeast Scotland (57°41ЈN, 4°0ЈW), where seals haul out on intertidal sandbanks throughout the year (Thompson et al. 1996) . Descriptions of the study area and further information on the distribution and abundance of this population can be found in Thompson et al. (1997) and Tollit et al. (1998) .
Estimates of activity budgets and foraging ranges were obtained using VHF telemetry. Between 1988 and 1995, seals were captured at intertidal haulout sites in April or May, several weeks before the start of the pupping season. Once they were secure in hand nets, seals were weighed and sedated to minimise stress (Thompson et al. 1992) . A 200-or 80-g VHF radio tag was then glued to the top of the head (Fedak et al. 1983 ) and the animal was released. These tags were shed during the seals' annual moult in August. All tags were well below the maximum 5% of body mass (see Table 1 ) recommended for telemetry studies (Cuthill 1991) , and the design and positioning of tags were chosen to minimise cross-sectional area and thus decrease drag effects during diving (Wilson et al. 1986 ). During earlier observations of animals carrying slightly larger packages, no observable effects on the behaviour of instrumented seals at haulout sites were recorded (Thompson et al. 1989) .
Individual activity budgets of 37 individuals were obtained using data from permanent recording stations that sampled each seal's VHF frequency at least once each hour (minimum sampling duration 6 min) (Nicholas et al. 1992) . The pattern of the recorded radio signals permitted us to determine whether seals were hauled out, diving, or absent from the inshore haulout area during each hour of the day (Thompson et al. 1989 (Thompson et al. , 1991 . We assumed that sampling data were representative of behaviour for that hour and estimated, to the nearest hour, the duration of haulout bouts and periods spent in the water.
Estimates of the seals' foraging locations were obtained independently of estimates of activity budgets by triangulating upon radiotagged seals by means of directional aerials from coastal vantage points (Thompson and Miller 1990) . Sampling protocols varied during the study but, in most years, seals were located at least once each day at either randomised (Thompson and Miller 1990) or standardised (Thompson et al. 1994 ) times of day. In 1993 and 1995, however, sampling was designed specifically for the present study and times were chosen to maximise the chances of obtaining locations while seals were at sea rather than in haulout areas.
Previous work in this study area had shown that daily locations of harbour seals tended to be clumped either around haulout areas or at sea over what we assume are foraging areas. Data from three individuals studied in 1988 suggested that short periods at sea (<12 h) were spent around haulout sites and were therefore assumed to represent periods of rest between two low-tide haulout bouts (Thompson and Miller 1990) . Based on the results of these preliminary studies, we defined a foraging location as any location identified that was more than 2 km from a haulout site and a foraging trip as a period of at-sea activity >12 h in duration. Previous studies had also shown that adult females restrict their range during the lactation period (Thompson et al. 1994) , whilst adult males restrict their range during the subsequent mating season (Van Parijs et al. 1997) . As the present study focussed on foraging activity, we excluded all data collected from adult females (>60 kg) during the lactation period (June) and from adult males (>60 kg) during the mating period (July-August).
In 1993, continuous radio-tracking of two adult females (Table 1 ; ID Nos. 262 and 284) over foraging trips lasting between 16 h and 4 days also indicated that seals travelled directly from haulout sites to a localised foraging area. They remained in that area until they returned directly to their haulout site at the end of the foraging trip (unpublished data). To estimate foraging range (the linear distance between haulout site and foraging area), we selected only locations from the middle 80% of the trip in order to exclude most travelling locations (Thompson and Miller 1990) . To assess whether this foraging pattern was typical, we also analysed the 13 foraging trips for which we had obtained 4 or more locations in the middle 80% of the trip. The distance between each of these locations and the haulout site was scaled to the mean distance for that trip and plotted against the stage (%) of the trip.
Data on foraging range during at least one trip were available for all but 1 of the 37 seals for which we could measure activity budgets. When more than one location was obtained within the middle 80% of a single trip, we based our estimate on the arithmetic mean for all locations. The foraging range for each foraging trip was obtained by measuring the minimum distance that the seal could have swum between its haulout area and the estimated foraging location (or mean location). Data from the rare (<1%) occasions when seals returned to a different haulout area were excluded. To estimate the time that seals remained in the foraging area during each trip, we used only those foraging trips where a location had been obtained in the middle 80% of the trip. We assumed that seals travelled directly between the haulout area and their mean foraging location at a speed of 1.4 m и s -1 . This value is based on the "routine swimming speeds" of captive harbour seals (Williams and Kooyman 1985) and is within the range of travel speeds recorded for one male from this study area (Thompson and Miller 1990) .
Distributions of both foraging-trip durations and foraging ranges were positively skewed and so data were normalised using a logarithmic transformation to produce derived means of the trip durations and foraging range for each individual. Foraging-trip characteristics were then compared for males and females, using separate-variance t tests (Wilkinson et al. 1992) . The influence of a number of factors on these trip characteristics was explored using stepwise multiple regressions, with foraging-trip duration or foraging range as the dependent variable. Factors investigated were body size (either standard length or body mass), sex, haulout area, and year of study, and were included in the models where they were significant (p < 0.05). All statistical tests were carried out using SYSTAT (Wilkinson et al. 1992) .
Results
All 37 seals spent most of their time in the water, spending only 7-39% of the time ashore at haulout sites (Fig. 1) . Furthermore, most of the time that seals spent in the water was accounted for by trips >12 h in duration, which we have defined as foraging trips (mean proportion = 0.76, SD = 0.096, © 1998 NRC Canada range = 0.5-0.95, n = 37). There was no significant difference in the proportion of time that males and females spent in the water (males: mean proportion = 0.78, n = 23; females: mean = 0.78, n = 14; t = 0.01, p = 0.92), but there was a significant negative relationship between the proportion of time spent at sea and body size when data for the two sexes were pooled (Fig. 2) . Regressions for both length and mass were significant, but mass explained more variation in the proportion of time spent hauled out (mass: F [1, 35] = 21.24, p < 0.001, r 2 = 0.38; length: F [1, 35] = 15.12, p < 0.001, r 2 = 0.30). Four or more foraging locations were obtained during 13 trips made by 10 different seals. In all cases, seals appeared to travel rapidly to foraging areas and remained at similar distances from haulout sites throughout the middle 80% of the trip (Fig. 3) .
There was considerable variation in mean foraging-trip duration (Table 1) . Overall, males made significantly longer trips than females (males: mean = 61.1 km, SD = 60.7 km, n = 23; females: mean = 30.1 km, SD = 10.2 km, n = 14; t = -2.39, p < 0.05), but there was considerable intrasexual variation in trip duration. Some of this additional variation can be explained by a significant positive relationship between foraging-trip duration and body size (Fig. 4) . Again, relationships for both length and mass were significant, but the best fit was to a model that used log 10 trip duration as the dependent variable and included both mass and sex (Table 2) .
Mean foraging ranges also varied considerably but were significantly greater for males (males: mean = 25.5 km, SD = 13.94 km, n = 22; females: mean = 14.9 km, SD = 6.11 km, n = 14; t = -3.14, p < 0.01). Furthermore, there was a signifi- cant positive relationship between foraging range and body size (Fig. 5) . As was found for foraging-trip duration, the model using length explained less variation than did the model that included both mass and sex. However, unlike the data for trip duration, the best fit was for linear values of foraging range (Table 2) .
There was a highly significant positive relationship between mean foraging-trip duration and mean foraging range ( Fig. 6a ; F [1, 34] = 136.66, p < 0.001, r 2 = 0.80). Furthermore, analyses of the subset of foraging trips for which we obtained data on both trip duration and foraging location showed a strong positive relationship between the time during which seals remained in their feeding areas and their foraging range ( Fig. 6b; F [1, 34] = 164.14, p < 0.001, r 2 = 0.83).
Discussion
Environmental and allometric constraints on foraging activity The results of these analyses confirm earlier suggestions that harbour seals from this population spend a large proportion of their time in the water, and that most of their time at sea is Note: Means and 95% confidence intervals are derived from log-transformed data.
spent on trips >12 h in duration (Thompson and Miller 1990) . However, analyses of this larger data set have now highlighted how variation in the amount of time spent at sea ( Fig. 2) and in foraging-trip duration and range is influenced by both sex and body size (Table 2) . Furthermore, they clearly support theoretical predictions (Orians and Pearson 1979; Stephens and Krebs 1986 ) that variation in foragingtrip duration will be related to the distance that individuals travel to feed (Fig. 6 ).
Currently there are few comparative data on the characteristics of harbour seal foraging trips in other areas. Nevertheless, the available data suggest that both the duration and range of foraging trips were relatively long in our study area.
Over 70% of the animals studied had mean trip durations in excess of 24 h, and many seals regularly made trips of several days' duration (Table 1) . In contrast, studies in the Strait of Georgia, British Columbia, and in California showed that radio-tagged harbour seals typically made trips lasting a day or less, generally for only a few hours overnight (Allen 1988 ; P.F. Olesiuk, Nanaimo Biological Station, B.C., personal communication; T. Eguchi, Moss Landing Marine Laboratory, Calif., personal communication). Comparative data on foraging locations are even rarer, but the picture is similar. Over 80% of Moray Firth animals had mean foraging ranges of over 10 km (Table 1) . Whereas in the Strait of Georgia, >90% of the foraging locations of 18 radio-tagged harbour Fig. 3 . Relationship between stage of the foraging trip (%) and distance from the haulout site for the 13 trips for which >4 at-sea locations were available. Foraging distance is expressed as the distance from the haulout site as a percentage of the mean distance for that trip.
Fig. 4.
Relationship between log 10 -derived mean foraging-trip duration and body mass for 37 harbour seals (᭹, females; ᭡, males). Regression results are presented in Table 2 . Note: Dependent variables were derived mean foraging range and log 10 of derived mean foraging range (n = 36) and derived mean trip duration and log 10 of derived mean trip duration (n = 37) for each individual seal. Separate analyses were carried out using mass and length as estimators of body size. Other factors initially included in each model were sex, year of capture, and haulout site. Only factors that were significant (p < 0.05) are included in the final model. Table 2. © 1998 NRC Canada seals were within 10 km of their haulout site, and the maximum foraging range was only 20 km (P.F. Olesiuk, Nanaimo Biological Station, B.C., personal communication). It is not possible to control fully for sex and body size in these comparisons, but all studies included adults of both sexes.
Such differences in foraging-trip characteristics may result from environmental factors, most probably variation in the availability of potential prey or the presence of aquatic predators. Alternatively, where species such as seals disperse from a central place to forage, individuals in larger populations may, on average, disperse farther to avoid intraspecific competition (Hamilton et al. 1967; Furness and Birkhead 1984) . However, available estimates of harbour seal abundance in these areas suggest that numbers in the Moray Firth ) are <10% of those in the Strait of Georgia (Olesiuk et al. 1990 ) and in Californian waters (Hanan et al. 1993 ). Observed differences are therefore more likely to result from geographical variation in prey availability or predation, but it is not currently possible to discriminate between these factors. The coastal waters of California and British Columbia are both likely to be more productive than the Moray Firth, and to be subject to greater predation pressure. For example, estimates of fish biomass in the Moray Firth in 1992 and 1994 ranged between 2500 and 18 000 t . In contrast, in the Strait of Georgia, biomass estimates for both herring, Clupea harengus, and hake, Merluccius productus, exceed 100 000 t (Hay et al. 1989) . Furthermore, natural predators of seals are rare in Scottish waters, whereas killer whales, Orcus orcina, regularly predate harbour seals in British Columbian waters Dill 1995, 1996) , and marine mammals are known to be taken by white sharks, Carcharodon carcharias, along the Californian coast (Stewart and Yochem 1985) .
The consistent relationships that we found between body size and foraging trip characteristics (Figs. 4 and 5) indicate that other endogenous factors also play a role in shaping the activity patterns of these animals. Harbour seals are both polygynous and sexually dimorphic (McLaren 1993) . So, as is seen in other such species (eg. Blanchard and Knight 1991; Swihart 1992; Wauters and Dhont 1992) , adult males could have ranged more widely in search of receptive females. This seems unlikely for three reasons: data from the mating season were discarded; harbour seal females are widely dispersed during the mating period (Thompson et al. 1994) , and males, rather than ranging widely, restrict their range to display (Van Parijs et al. 1997) ; the nearest alternative harbour seal breeding areas to those in the Moray Firth are 130 km to the north, in Orkney (Hiby et al. 1993) , and females are therefore unlikely to be present in the more distant foraging areas used by the larger males.
It is more likely that the observed relationships result from variations in the energy constraints acting upon animals of different sexes and body sizes. Dive duration and maximum dive depth scale to body size in seabirds and pinnipeds (Boyd and Croxall 1996) . Because the water in the Moray Firth gradually deepens away from haulout areas (Tollit et al. 1998 ), the energy benefits of exploiting benthic prey in more offshore foraging areas may be greater for larger seals. Alternatively, both home-range size (Lindstedt et al. 1986; Reiss 1988; Swihart et al. 1988 ) and the timing of many biological events (Blueweiss et al. 1978; Lindstedt and Calder 1981) are known to scale with body size. In our study, both foraging range and foraging-trip duration were related to body size (Figs. 4 and 5) . However, because of the strong correlation between mean foraging range and trip duration (Fig. 6 ) it is likely that only one of them is dependent upon body size. Previous studies of home-range size have suggested that relationships between body size and home-range area result primarily from animals selecting home-range areas that meet their metabolic needs over a biologically critical time period (Lindstedt et al. 1986) . Similarly, the relationship that we found between body size and foraging range may result from seals selecting foraging distances which allow them to meet energy requirements over a foraging-trip duration that is dependent upon body size.
Our data also suggest that both foraging range and trip duration were significantly shorter for females. Because harbour seals are sexually dimorphic, this may partly result from females having, on average, smaller body sizes. However, for females, both foraging range and foraging-trip duration appeared to be relatively short for their body size (Figs. 4 and  5) . In contrast, the relationship between foraging-trip duration and foraging range was similar for the two sexes (Fig. 6 ). This may result from differences in the cost of transport for males and females of a given size, particularly as many females were heavily pregnant during our study period and body form is likely to influence transport costs. These data also highlight how interspecific differences in body size may explain differences in foraging characteristics. For example, grey seals, Halichoerus grypus, are larger than harbour seals, and studies carried out on the east coast of Britain suggest that they forage over much wider areas than do harbour seals (Hammond et al. 1993; Thompson et al. 1996) .
Together these data indicate that both environmental and endogenous factors influence the foraging-trip characteristics of harbour seals. We suggest that the size-related differences in foraging range which we observed in Moray Firth seals probably result from intraspecific competition for prey in inshore areas. As a result of this competition, seals travelled as far from their central resting place as possible within energy and time limits (see also Hamilton et al. 1967) , which were, in turn, constrained by an individual's body size (Lindstedt et al. 1986; Boyd and Croxall 1996) . The presence of harbour seal populations in areas with markedly different prey resources, predation levels, and water depths now provides an opportunity for determining the relative importance of these different factors in shaping the characteristics of harbour seal foraging trips.
Consequences of intraspecific variations in activity
Previous studies of the activity patterns of coastal phocids have often focussed on terrestrial haulout patterns (Yochem et al. 1987; Thompson et al. 1989) . Such data have been used both to estimate abundance by means of counts at haulout sites (Olesiuk et al. 1990 ; Thompson et al. 1997 ) and as a parameter in population energy models that incorporate estimates of energy costs of terrestrial and at-sea activity (Olesiuk 1993) . Studies from several areas, including the Moray Firth, indicate that harbour seals spend approximately 60% of their time hauled out during the breeding season and moult (e.g., Sullivan 1982; Yochem et al. 1987; Thompson et al. 1989; Härkönen and Heide-Jorgensen 1990) . Telemetric studies have also shown that there are sex differences in the amount of time spent hauled out during the breeding season and moult (Thompson et al. 1989 . For this paper, we excluded these time periods to avoid any constraints placed by breeding and moult on foraging activity, and found no differences between the sexes. We also found that seals spent a higher proportion (50-95%) of their time at sea than was found in previous studies carried out during the breeding season and moult. This is also in accordance with observed decreases in abundance at haulout sites outside the breeding season and moult ). In addition, there was a significant relationship between body size and proportion of time spent at sea (Fig. 2) . Together these data suggest that when annual estimates of population energy requirements are made, consideration should be given to stratifying estimates of activity costs by body size and season.
The data have other implications for assessments of predator-prey interactions in coastal areas. Most recent studies of the diet of coastal pinnipeds have been based on analyses of faecal samples collected at haulout sites. It is well recognised that this may bias samples towards individuals foraging closer inshore (Pierce and Boyle 1991) , but it has generally been assumed that these animals are representative of the whole population. However, our data suggest that there may be a consistent bias against larger animals, which feed farther offshore (Fig. 5) and spend less time on land (Fig. 3) .
If the relative abundance of different prey species also varies with distance from haulout sites, it is possible that size-or sex-related variation in diet composition exists. These findings further highlight the need to employ techniques that permit diet composition to be determined at the individual level (e.g.. Iverson et al. 1997; Reed et al. 1997 ) when assessing interactions between coastal seals and their prey populations.
